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Cell ablationsIn Parhyale hawaiensis, the ﬁrst three divisions are holoblastic and asymmetric, resulting in an embryo
comprised of eight cells—four macromeres and four micromeres. Lineage studies performed at this stage
demonstrate that the progeny of each cell contribute to speciﬁc portions of different germ layers. However, it
is not known if this lineage pattern means a given blastomere is committed to its speciﬁc fate, indicative of
mosaic development, or if regulation can occur between blastomere progeny so that the loss of a blastomere
could be compensated for during development. Furthermore, if compensation occurs, what would be the
source of such replacement? To investigate these possibilities, we performed ablation experiments at the
eight-cell stage. We ﬁnd that loss of blastomeres results in compensation. To determine the compensation
pattern, we combined ablation and cell lineage tracing to reveal that progeny of mesoderm and ectoderm
producing blastomeres display intra-germ layer compensation. Furthermore, by ablating lineages later in
development, we identify a key interval between gastrulation and germband elongation after which
compensation no longer occurs. Our results suggest that Parhyale possesses a mechanism to assess the status
of mesoderm and ectoderm formation and alter development to replace the missing portions of these
lineages.
© 2009 Elsevier Inc. All rights reserved.Introduction
The three germ layers – ectoderm, mesoderm and endoderm – are
traditionally deﬁned during gastrulation when embryonic cells are
committed to a single germ layer. In some animals, germ layer
commitment can be traced through cell lineages well before
gastrulation and stereotypical cleavage patterns are tightly linked to
cell fate. In these animals, gastrulation acts on a preﬁgured canvas
where germ layers have already been established by early cleavage
events. This type of development is historically known as “mosaic”
development whereby a cell only develops according to its lineage
and an ablated cell's lineage cannot be replaced within the developing
embryo. Mosaic development is typically observed in invertebrates
with holoblastic or complete cleavage, such as ascidians or nema-
todes, where single cell lineages can be followed from early stages
(Bates and Jeffery, 1988; Speksnijder et al., 1989; Sulston et al., 1983).
In other cases, germ layer formation occurs by inductive events
acting upon cells in the blastula, and it is cell–cell signaling rather thandies, La Jolla, CA 92186.
ridge CB2 3DY.
ll rights reserved.ancestry that decides their ultimate fate. Thus, cell fate is a con-
sequence of cell interactions and morphogen gradients that pattern
the early embryo, as is seen from classic examples of development in
the frog Xenopus laevis and the fruit ﬂy Drosophila melanogaster
(Anderson et al., 1985; Rushlow et al., 1989; Spemann and Mangold,
1924). This type of development is historically termed “regulative”
development whereby the loss of an early cell can be compensated for
by the embryo and normal development observed. However, no
embryo can truly be classiﬁed as completely “mosaic” or “regulative”
(Lawrence and Levine, 2006). In reality, most embryos studied to date
employ both strategies. For instance, Xenopus embryos do have early
segregation of cytoplasmic determinants and C. elegans also uses cell–
cell interactions to induce early cell fates (Levin et al., 2002; Schnabel,
1997; Zhang et al., 1998).
Recently, in-depth cell lineage data have been obtained for several
malacostracan crustaceans that display holoblastic cleavage: the
ridgeback prawn Sicyonia ingentis and two amphipods Parhyale
hawaiensis and Orchestia cavimana (Gerberding et al., 2002; Hertzler
and Clark, 1992; Wolff and Scholtz, 2002). These studies show that,
from early cleavage stages, cell lineages within these crustaceans are
restricted with regard to germ layer fates. Blastomere separation
analyses in Parhyale and Sicyonia further suggest that cell lineage
plays a major role in determining cell fate in these crustaceans
(Extavour, 2005; Hertzler et al., 1994). However, occasional mixing
among cell lineages as well as the rare deviation from an otherwise
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regulation among the cell lineages (Gerberding et al., 2002; Hertzler
et al., 1994). Thus, among crustaceans it is unclear whether early
lineage restriction to germ layers is indicative of mosaic development
or if regulation may play a role.
The ﬁrst three cleavages in Parhyale occur in a very regular manner
and result in the formation of an eight-cell embryo with four
macromeres and four micromeres that give rise to highly stereotyped
lineages (Gerberding et al., 2002). As summarized in Fig. 1, in
Parhyale, the four macromere lineages will give rise to somatic
mesoderm of the head anterior to maxilla 2 (mx2) plus the visceral
mesoderm (Mav), right anterior ectoderm (Er), left anterior ectoderm
(El) and posterior ectoderm (Ep). The four micromeres lineages will
give rise to germline (g), right somatic trunk mesoderm posterior to
and including mx2 (mr), endoderm (en) and left somatic trunk
mesoderm posterior to and including mx2 (ml). These cell lineage
studies raise the question of how early during development these cells
are committed, if at all, to their subsequent germ layer fates and
whether cell–cell interactions play a role in determining these fates. It
is currently unknown to what extent maternal factors are unequally
distributed within the Parhyale egg and early embryo, but experi-
ments in which blastomeres from the two-, four- and eight-cell stages
were separated suggest that there is a cytoplasmic determinant of the
germline that is differentially localized during early cleavages
(Extavour, 2005). Given the apparent restriction of cell fate and the
potential localization of determinants during early cleavages, we set
out to explore howmosaic the Parhyale embryo is and to what extent
regulation is occurring during embryogenesis.
A classic approach to determining if development is mosaic from
early stages is to ablate blastomeres and determine if the resulting
embryo is deﬁcient for structures that would have arisen from the
ablated cells. Parhyale is a perfect candidate for such an approach
because the early embryo displays a stereotypical cleavage pattern
and cells can be easily identiﬁed at the eight-cell stage based on size
and orientation (Gerberding et al., 2002). In this study, we focus on six
of the eight blastomeres, ml, mr, Mav, El, Er and Ep, as these give rise
to the readily distinguishable mesoderm and ectoderm derivatives of
the embryo. The ablation of the remaining blastomeres, g and en, will
be discussed elsewhere. We ﬁrst ablate individual blastomeres to
show that regulation does occur in Parhyalewhen progenitor cells are
eliminated. We go on to show that, while regulation does occur, theFig. 1. Fate map of the eight-cell stage in Parhyale. Representation of early Parhyale develop
diagram shows orientation of the blastomeres and their progeny at the eight-cell stage (
blastomeres of the eight-cell stage are germ layer restricted and their progeny can be follow
and posterior down. View at S8 is lateral with anterior to the left, dorsal up. View at S15 isembryo is mosaic in so far as blastomere progeny are only able to
participate in intra-germ layer compensation such that mesoderm
lineages will compensate for loss of mesoderm and ectoderm lineages
will compensate for loss of ectoderm. Then, using a combination of
later stage ablations and cell labeling experiments, we demonstrate
how and when regulation occurs among the mesoderm and ectoderm
lineages.
Materials and methods
Injection and photoablation
P. hawaiensis rearing and staging followed previously published
procedures (Browne et al., 2005). To follow lineages, speciﬁc
blastomeres were injected (Gerberding et al., 2002) with capped
mRNA (SP6 Ambion mMessageMachine kit) encoding a nuclear
localized version of DsRed (called DsRed-NLS; Price and Patel, 2008).
Photoablation of targeted cells was achieved by injection of
approximately 100 pl of 25 to 50 mg/ml ﬂuorescein isothiocyanate
(FITC) covalently linked to dextran (250,000MW) (Sigma) into
individual blastomeres followed by exposure of the entire embryo
to the ﬂuorescein excitation wavelength (λ=488 nm) for 20 min
(Shankland, 1984). For ablations at the eight-cell stage, cells were
ablated using a Zeiss StemiSV11 Apo ﬂuorescent dissecting scope. For
ablations at gastrulation or germband elongation, cells were ablated
on a Zeiss Axiophot under a Zeiss Plan-NeoFLUAR 10×/0.3 objective
set to the ﬂuorescein ﬁlter. Cells that did not contain FITC were
unaffected by irradiation and cell death occurred only in cells
containing high levels of FITC. Cell death following irradiation was
conﬁrmed by the cessation of cell division, which would have
normally occurred approximately 90 min after the division to the
eight-cell stage, and the later presence of cellular debris. This cellular
debris was either absorbed into the developing gut or was shunted to
the outside of the embryo where it remained as granular debris
between the eggshell and embryo. Embryos exhibiting injection
trauma were discarded. For the n=x/y values shown throughout the
results, y represent the number of embryos in which lineage injection
and ablation were successful and the embryos survived to the stage
required, and x represents the number of embryos that showed the
indicated pattern of compensation (or in some cases, lack of
compensation). For all our results, x=y reﬂecting that Parhyalement with blastomeres colored to indicate their lineage and eventual germ layer fate;
S4; 7.5 hpf), gastrulation (S8; 25 hpf) and germband elongation (S15; 80 hpf). The
ed through development (Gerberding et al., 2002). View at S4 is dorsal with anterior up
ventral with anterior up.
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sation. Embryos that did not make it to the appropriate stage to be
assayed generally died relatively soon after injection due to either
immediate injection trauma or severe morphological damage.
Embryos were prepared for microscopy as previously described
(Price and Patel, 2008).
Antibody staining and in situ hybridization
Embryo ﬁxation and in situ procedures were performed as
described in Rehm et al. (2009). Antibody staining was performed
according to Patel (1994). Primary antibody incubations were
overnight at 4 °C with rabbit anti-DsRed (Clontech) at 1:1000
dilution. Secondary antibody incubations were either at 2 h at room
temperature or overnight at 4 °C with HRP-conjugated goat anti-
rabbit (Jackson ImmunoResearch) at 1:300–1:800 dilution. Following
histochemical reaction in DAB with nickel chloride, embryos were
counterstained with 1 μg/ml DAPI in 50% glycerol and transferred to
70% glycerol for clearing and mounting.
Results
Ablation of any mesoderm or ectoderm generating blastomere at the
eight-cell stage can result in a viable hatchling
Fate mapping as well as detailed descriptions of early cell
movements from the eight-cell stage in P. hawaiensis shows that cell
lineages are essentially invariant and give rise to the germ layers in a
stereotypical manner (Fig. 1; Gerberding et al., 2002; Price and Patel,
2008). If development were mosaic, then ablation of individual cells
would result in an incomplete embryo lacking structures derived from
the ablated lineage. On the other hand, if development of Parhyale is
regulative, the remaining lineages will compensate for this loss and
development of the embryo will be complete.
To test these possibilities, we ﬁrst phototablated individual
blastomeres and then allowed embryos to develop to hatching. We
ﬁnd that photoablation of any one of the six mesoderm or ectoderm
generating blastomeres, at the eight-cell stage, can result in a fully
formed and viable animal. In these animals, none of the ablated tissues
are missing demonstrating that the remaining blastomeres must be
able to compensate for this loss.
Compensation between mesoderm and ectoderm lineages is not
observed following ablation at the eight-cell stage
Todeterminewhich lineages are able to compensate for the ablation
of speciﬁc blastomeres, we combined ablation with lineage tracing
experiments to uncover patterns of compensation during the develop-
ment of mesoderm and ectoderm-ablated embryos. At the third
cleavage, the ml and mr micromeres derive from an asymmetric
division in which their sibling macromeres become ectodermal
precursors (El andEr, respectively) (Gerberding et al., 2002). Therefore,
we ﬁrst sought to determine whether this relationship was retained
such that ectoderm lineages might compensate for the loss of sibling
mesoderm lineages. To do this, we injected mRNA encoding nuclear
localized DsRed (DsRed-NLS) into one blastomere to act as a lineageFig. 2. Mesoderm compensation following ablation at the eight-cell stage. All embryos are v
views at the eight-cell stage. (A, C, E, G, I, K) Schematic at the eight-cell stage showing which
ﬁeld imagewith ﬂuorescent image overlay (B, D, F, H, J, L) or ﬂuorescence only (B′, D′, F′, H′, J′
panel range in stage from S12 to S15, thus display a varying number of mesoblast rows in the
the observed lineage pattern (red) resulting after injection and/or ablation. (B, B′) The Mav
mr is ablated, labeled Mav cells compensate for loss of the mesoteloblasts (MTB) and mesob
labeledMav progeny compensate for MTB andMB (blue arrowheads) on both left and right s
Mav ablation, labeled ml cells give rise to the visceral mesoderm (blue arrow) on the left s
(labeled), gives rise to the entire visceral mesoderm on both sides (blue arrows), as well atracer allowing us to track the origin of any compensating cells and
ablated another blastomere as previously described.
We ﬁnd that labeled El or Er lineages never give rise to
mesodermal derivatives when the sister mesoderm micromere was
ablated (n=5/5; data not shown). Therefore, the E macromere
lineages do not compensate for ablated m micromere lineages. In the
reciprocal experiment, when an E macromere is ablated and the sister
m micromere labeled, we never observe the labeled mesodermal
lineage giving rise to ectodermal cells (n=28/28; data not shown).
These results show that compensation is not occurring between
mesoderm and ectoderm sister blastomeres.
Ablation of a mesoderm blastomere – Mav, ml or mr – at the eight-cell
stage is compensated for by the nonablated mesodermal lineages
We then tested whether it was the othermesodermal lineages that
were able to compensate for the loss of a mesoderm blastomere.
Normally, the Mav blastomere gives rise to the visceral mesoderm
that surrounds the midgut anlagen as well as somatic headmesoderm
anterior to mx2 (Browne et al., 2005; Figs. 2A, B–B″), while the ml and
mr micromeres give rise to the mesoderm posterior to and including
mx2 on the left and right sides, respectively, via a stereotyped lineage
pattern that includes the asymmetric division of mesoteloblast cells
into mesoblasts which then divide and further differentiate into
segmental mesoderm (Gerberding et al. 2002; Price and Patel, 2008;
Figs. 2G, H–H″).
First we tested whether Mav, the only macromere that gives
rise to mesoderm, can compensate for loss of ml or mr lineages. In
the ml or mr ablated embryos, we ﬁnd that the DsRed-injected
Mav lineage gave rise to labeled mesoteloblasts on the ablated
side of the elongating germband, replacing the ablated lineage
(n=14/14; Figs. 2C, D–D″). When both ml and mr micromeres
are ablated at the eight-cell stage, the progeny of Mav is able to
compensate for the segmental mesoderm on both left and right
sides of the germband (n=9/9; Figs. 2E, F–F″). These results show
that Mav is capable of producing mesoderm in segments posterior
to and including mx2 in ablated animals. Interestingly, in these
ablations, we never observe the progeny of ml compensating for mr
or vice versa.
We next tested whether ml and mr were able to compensate
for ablation of Mav. When we ablate Mav with concurrent labeling
of ml or mr, we ﬁnd that ml and mr are able to compensate for
Mav loss (n=14/14; Figs. 2I, J–J″). This indicates that the ml and
mr lineages can produce the full complement of visceral and
somatic mesoderm anterior to mx2. Moreover, in these ablations,
ml/mr progeny produce compensating mesoderm only on the left
or right sides, respectively, of the visceral mesoderm, implying a
spatial restriction in the pattern of compensation. This restriction is
overcome when Mav and either ml or mr are ablated. In these
cases, we observed that the remaining m micromere was able to
compensate for the visceral mesoderm on both the left and right
sides as well as the mesoderm in segments anterior to mx2 and
the mesoteloblasts on the ablated side (n=7/7; Figs. 2K, L–L″).
These results show that the mesoderm blastomeres – Mav, ml and
mr – compose a mesoderm group (M) that is capable of intra-germ
layer compensation.entral views of germband stage embryos except for (A, C, E, G, I, K) which are vegetal
cells have been ablated with FITC (black) or labeled with nuclear DsRed (red). Live dark-
, L′) to show orientation of cells in the context of the developing embryo. Embryos in this
different images. (B″, D″, F″, H″, J″, L″) Schematic of germband stage embryos indicating
lineage gives rise to visceral mesoderm observed as two bilateral spheres. (D, D′) When
lasts (MB) on the right side (blue arrowhead). (F, F′) When ml and mr are both ablated,
ides. (H, H′) The ml lineage gives rise to the somatic mesoderm on the left side. (J, J′) In a
ide. (L, L′) In a Mav and mr ablated embryo, the only remaining mesoderm lineage, ml
s the somatic mesoderm on the right side (blue arrowhead). Scale bars: 100 μm.
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Fig. 3. Lack of compensation following ablation of the three mesoderm blastomeres at
the eight-cell stage. (A) Schematic showing ablation of Mav, ml and mr. (B) Live image
of eight-cell embryo injected with FITC dextran (green) in ml, mr and Mav before
ablation. (C–D″) Ventral views of S15 DAPI-stained embryos. (C) Nonablated embryo at
germband elongation focusing on the ectoderm. Red arrows indicate the visceral
mesoderm, (C′) the underlying visceral and segmental mesoderm and (C″) confocal
stack of the area in C′ (box) clearly showing the rows of mesoteloblasts (⁎) and
mesoblasts (red arrowhead points to one of the rows of mesoblasts). (D) Triple
mesoderm-ablated embryo focusing on the ectoderm, (D′) the underlying plane where
mesoderm is usually found and (D″) confocal stack of area in D′ (box) showing the loss
of mesoteloblasts and mesoblasts in ablated embryos. Loss of the visceral mesoderm is
evident in D, D′. Scale bars: 100 μm, except in (C″, D″): 20 μm.
260 A.L. Price et al. / Developmental Biology 341 (2010) 256–266Ablation of the three mesoderm blastomeres – Mav, ml and mr – are not
compensated for by any other lineages
To further support our hypothesis of a mesoderm group, we
ablated all three mesoderm producing blastomeres (Mav, ml and mr)
at the eight-cell stage. When all three mesoderm blastomeres were
ablated at the eight-cell stage (Figs. 3A, B), there was a complete loss
of mesoderm. Compared to nonablated embryos in which mesoder-
mal derivatives such as the mesoteloblasts, mesoblasts and visceralmesoderm could easily be identiﬁed (Figs. 3C–C″) in triple-ablated
embryos, these derivatives were absent from the germband (n=8/8;
Figs. 3D–D″). These results suggest that none of the remaining
blastomere derivatives can produce mesoderm and thus conﬁrming
that the ml, mr and Mav blastomeres are the only cells that will give
rise to mesoderm from the eight-cell stage. Interestingly, ablation of
these three blastomeres did not interfere with the embryos ability to
gastrulate and form an elongating ectodermal germband suggesting
there is little, if any, instruction from the mesoderm to the ectoderm
during the initial phase of germband formation (stages 8–12). Later
roles could not be assessed as these embryos died by stage 13 (70 h
post fertilization [hpf]).
Ablation of an ectoderm blastomere – El, Er or Ep – at the eight-cell stage
is compensated for by the nonablated ectodermal lineages
Given the presence of the mesoderm group, we next wanted to see
if a similar relationship exists among the ectodermal lineages. Recall
that the ectoderm in Parhyale is generated from three speciﬁc
macromeres at the eight-cell stage: El, Er and Ep (Fig. 1). Each
ectodermal macromere gives rise to a spatially restricted clone of cells
in the left, right and posterior regions of the embryo, respectively
(Gerberding et al., 2002; Fig. 1). To determine if the remaining
ectodermal lineages compensate for the loss of an ectoderm
blastomere, we photoablated one ectoderm blastomere and labeled
a different ectoderm blastomere with the lineage tracer DsRed-NLS at
the eight-cell stage. Our results show that the loss of any ectoderm
blastomere is compensated for by the progeny of the remaining two
ectoderm blastomeres in a predictable way. Normally, the El and Er
blastomeres give rise to the left and right head ectoderm as well as
portions of the left and right thoracic ectoderm, respectively (Figs.
4A, A′). The extent to which El or Er clones comprise the thoracic
region varies between embryos with the remainder of the region
being comprised of cells from the Ep lineage (Figs. 4B, B′; Gerberding
et al., 2002). Labeling of El and ablation of Er or vice versa at the eight-
cell stage resulted in labeled cells throughout the head region anterior
to and including the anterior compartment of maxilla (mx1) of the
developing germband, but not in the region posterior to the anterior
compartment of mx1 of the ablated side (n=7/7; Figs. 4C, C′). As the
region posterior to the anterior compartment of mx1 is normally
formed in the El or Er ablated embryos, we expected that the cells
compensating in this region might come from the lineage of the Ep
blastomere which normally generates the posterior thoracic and
abdominal ectoderm as well as the majority of the midline cells.
Indeed, ablation of either the Er or El blastomere results in an
extension of the labeled Ep lineage up to and including the posterior
compartment of mx1, which is normally occupied by the ablated
lineage (n=8/8; Figs. 4D, D′). Given this result, we then tested
whether the reciprocal ablation would extend the lineages of El and Er
posteriorly when Ep was ablated. We ﬁnd that ablation of Ep and
labeling of El or Er results in labeled progeny that occupy the entire
left or right side of the germband, respectively, extending into the
regions that are normally comprised of Ep lineage cells (n=5/5; Figs.
4E, E′). Strikingly, the compensating cells from El or Er do not cross the
midline. Further, when a single ectoderm blastomere is ablated and
the remaining two are labeled, we ﬁnd the entire ectoderm of the
resulting embryo is labeled conﬁrming that the remaining two
ectoderm blastomeres fully compensate for the loss of the third
(n=2/2; Figs. 4F, F′). Embryos in which two ectoderm blastomeres
are ablated do not survive to even an early germband stage; therefore,
we cannot test whether the progeny of a single ectoderm blastomere
is able to fully compensate for the loss of the other two ectoderm
blastomeres, as is observed with the mesoderm.
In order to further investigate the patterns of the intra-germ layer
compensation observed, we analyzed the localization of the lineage
tracer in ﬁxed specimens, rather than in live embryos, using an
Fig. 4. Ectoderm compensation following ablation at the eight-cell stage. (A–F) Schematics of ablation (S4) and pattern of compensation (S15). Ablated blastomeres are in black;
DsRed labeled lineages are in red. (A′–F′) Live ﬂuorescent images of DsRed labeled and ablated embryos at germband elongation stages (S12–S15). Ventral views. Blue arrow
indicates region of compensation. (A, A′) Labeling shows that the left ectoderm lineage maintains a boundary at the midline. The larger labeled nuclei are vitellophages underlying
the germband that are also generated from the E blastomeres. (B, B′) Labeling shows the Ep lineage gives rise to the posterior ectoderm and midline. (C, C′) In an Er ablated and El
labeled embryo, El compensates for the right ectoderm in the region anterior to and including the anterior compartment of mx1 (arrow). (D, D′) In Er ablated embryos, labeled Ep
cells compensate for the ablated lineage on the right side of the germband, posterior to the anterior compartment of mx1 (arrow). (E, E′) In an Ep ablated and El labeled embryo, El
compensates in the left posterior ectoderm (arrow). (F, F′) In Er ablated embryos where both El and Ep are labeled, the entire germband is labeled, with compensating cells
presumably derived from El in the region anterior to and including the anterior compartment of mx1 (top arrow) and those from Ep in the region posterior to the anterior
compartment of mx1 (bottom arrow), respectively. Scale bars: 100 μm.
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(96 hpf), the germband is completely segmented and the appendages
are becoming well deﬁned and identiﬁable (Browne et al., 2005).
Control embryos labeling the lineages of Er (Figs. 5A, A′), Ep (Figs.
5C, C′) and El (Figs. 5E, E′) show the typical lineage pattern of each
of these blastomeres. Interestingly, following ablation, the pattern of
Er and El lineage compensation appeared limited to the head region
anterior to and including the anterior compartment of mx1 (Figs.
5B, B′), while the extent of Ep compensation was restricted to the
region posterior to the anterior compartment of mx1 (Figs. 5D, D′),
thereby supporting the parasegmental boundary of compensation
seen in younger embryos (Figs. 4C, C′ and Figs. 4D, D′). In the case of
compensation for posterior ectoderm normally made by Ep, a strict
adherence to the left–right boundary was maintained, so that El
compensated for the left posterior ectoderm (Figs. 5F, F′) and Er
compensated for the right posterior ectoderm (data not shown). The
cells that make up the midline were composed to varying extents of
both the left and right ectoderm lineages in these ablated embryos.
These results were intriguing because lineage studies of the ectoderm
blastomeres at the 16-cell stage in Parhyale reveal a similar ﬁnding—
that there is a parasegmental boundary between the anterior and
posterior compartments of mx1 that segregates the ectoderm derived
from El or Er into anterior and posterior regions (Figs. 5G–H′). In
addition, our lineage studies show that the progeny from the daughter
cells that result fromdivision of Ep, Ep-l and Ep-r are segregated on the
left and right sides of the germband, respectively, with the midline
cells arising from either Ep-l or Ep-r or from both clones (Figs. 5I, I′).
These anterior–posterior and right–left boundaries correspond to the
patterns of compensation and boundaries we observe among the
ectodermal lineages in ablated embryos.These results show that the El, Er and Ep blastomeres constitute an
ectoderm group (E) capable of intra-germ layer compensation. In
addition, we also ﬁnd stereotypical spatial restrictions among these
ectoderm lineages. Although we ﬁnd it unlikely, we cannot conﬁrm
that in the complete absence of the ectoderm other lineages may be
able to compensate because embryos in which all three ectoderm
blastomeres are ablated do not survive. Taken together, these results
suggest that at the eight-cell stage a complete separation of ectoderm
and mesoderm fate occurs and cell contribution to germ layers is
already restricted.
Intra-germ layer compensation can occur as late as gastrulation
Having established that there are mesoderm and ectoderm groups
that exist at the eight-cell stage, we wanted to know how late into
development compensation could occur. An advantage of the
photoablation technique is that it allows us to successfully ablate
these cells at different developmental stages. By injecting blastomeres
at the eight-cell stage with FITC and performing ablations at later time
points in development, we were able to determine the degree to
which the nonablated lineages were able to compensate at various
stages of development. Using this approach, we ﬁrst ablated
blastomere progeny during gastrulation stage 8 (20–24 hpf) in
order to determine if compensation could still occur following
ablation at this stage.
At gastrulation, each ml and mr clone consists of about six cells.
Following photoablation, these cells cease division and by 48 h post
ablation, their debris is no longer visible in the embryo. In gastrulation
stage ml or mr lineage-ablated embryos, we observe compensation of
mesoteloblast development by the progeny of Mav, but not by the
Fig. 5. Pattern of compensation in ectoderm-ablated embryos. Ventral views. Anterior is up. Pattern of compensation in ectoderm-ablated embryos: (A–I) Bright-ﬁeld images of S19/
20 anti-DsRed-stained embryos. (A′–I′) False color overlay of anti-DsRed staining on embryos counterstained with DAPI. (A, A′) In a control Er labeled embryo, labeled cells are
primarily restricted to the right side of the germband. Notice somemixing in the head region. (B, B′) In an El ablated and Er labeled embryo, the Er lineage compensates for the loss of
El in the region anterior to and including the anterior compartment of mx1 (black bar). The posterior most segments are missing due to dissection misfortune. (C, C′) In a control Ep
labeled embryo, cells are restricted to the posterior ectoderm and midline cells. (D, D′) In an Er ablated and Ep labeled embryo, the posterior ectoderm compensates for the loss of El
in the region posterior to the anterior compartment of mx1. (E, E′) In a control El labeled embryo, labeled cells are restricted to the left side of the germband. (F, F′) In an Ep ablated
and El labeled embryo, the El lineage compensates for the loss of Ep in the posterior germband on the left side. Lineage pattern from the 16-cell stage ectodermal cells: (G, G′) In a
control Er-anterior (Er-a) labeled embryo, labeled cells extend to and include the anterior compartment of mx1. (H, H′) In a control El-posterior (El-p) labeled embryo, labeled cells
occupy the region posterior to the anterior compartment of mx1. (I, I′) In an Ep-left (Ep-l) labeled embryo, labeled cells are restricted to the left side of themidline. The lineages of the
ectodermal blastomeres from the 16-cell stage reﬂect the boundaries observed between the anterior and posterior compartments of mx1 and at the level of the thoracic midline in
ablated embryos. Scale bar: 100 μm.
262 A.L. Price et al. / Developmental Biology 341 (2010) 256–266remaining m micromere—identical to the situation seen in ablations
at the eight-cell stage (n=10/10; see Figs. 2D–D″).
At gastrulation, the Mav lineage normally consists of approxi-
mately ten cells. Following ablation of the Mav lineage at gastrulation,
the progeny of ml and mr are able to compensate for the ablated
lineage—again identical to the situation seen for ablations at the eight-
cell stage (n=14/14; see Figs. 2J–J″).
Within the E lineages, the same pattern of compensation is
observed in gastrulation stage ablated embryos as was seen in the
eight-cell-stage ablated embryos (Supplementary Fig. 1). Each E clone
(El, Er or Ep) consists of approximately 27–31 cells at gastrulation.
These ectoderm clones are organizing into a germ disc and are
already spatially organized into left, right and posterior regions
(Browne et al., 2005). Ablation of ectoderm clones at gastrulation
results in embryos that are severely developmentally delayed,
particularly on the ablated side, and as a consequence develop
asymmetrically. Brieﬂy, ablation of either Er or El progeny are
compensated for by the progeny of El or Er, respectively, in the regionanterior to and including the anterior compartment of mx1, while the
progeny of Ep compensates for the loss of cells in the region posterior
to the anterior compartment of mx1 (n=8/8); ablated Ep progeny
are compensated for by the El and Er lineages (n=4/4) in the
posterior thoracic and abdominal region. Moreover, in the case of the
gastrulation stage ectoderm ablations, the pattern of compensation
continues to be spatially restricted to observe the left–right boundary
in the thoracic region as well as a parasegmental boundary between
the anterior and posterior compartment of mx1, as observed in
ablations performed at the eight-cell stage. These results show that
compensation among germ layer groups occurs as late as gastrulation
in a predictable manner.
Intra-germ layer compensation does not occur at germband stages
We next wanted to determine if there was a time in development
when compensation in the mesoderm or ectoderm lineages did not
occur. Using the same technique for ablations at gastrulation, we
263A.L. Price et al. / Developmental Biology 341 (2010) 256–266ablated blastomere progeny at the beginning of germband elongation
at stage 10/11 (56–60 hpf).
ml or mr lineage ablations performed just after formation of the
mesoteloblasts at germband elongation stage 10/11 (56–60 hpf;
Figs. 6A, B) resulted in no compensation for the ablated lineage
(n=23/23). The Parhyale ortholog of myocyte enhancing factor 2
(Ph-mef2), a marker of differentiated mesoderm (Price and Patel,
2008), was completely absent on the ablated side (Figs. 6C, C′)
compared to the nonablated side and control embryo (Figs. 6D, D′),
demonstrating the loss of body musculature. Although these animals
were able to develop to late germband stage 24 (155 hpf), they
never hatched.
When Mav progeny were ablated at stage 10/11 (Figs. 6E, F), they
were not compensated for by the progeny of ml and mr, resulting in a
loss of the visceral mesoderm (n=6/6). These embryos oftenFig. 6. Ablation of mesoteloblasts and visceral mesoderm at germband stage. (A, E) Live ima
cells). (C, D) Bright-ﬁeld image of Ph-mef-2 in situ in mr ablated (C) and nonablated (D) em
(G–J) Bright-ﬁeld images showing development of the midgut or digestive cecae in Mav line
views. (H, J) Dorsal views. (A, B) The four mesoteloblasts which gives rise to the segmental m
segmental mesoderm as shown by the loss of expression of a muscle determination marker,
Mav progeny are present at the level of the forming midgut anlage as two circular masses of
digestive cecae. (I, J) Nonablated embryo with the midgut and bilateral cecae formed (astecontinued to develop; some developing as late as stage 26
(180 hpf). However, the midgut and digestive cecae clearly did not
form in ablated embryos (Figs. 6G, H) compared to nonablated
embryos (Figs. 6I, J). Based on these observations, compensation of
ablated mesodermal lineages does not occur following ablation at
germband stages.
Ablation of the ectoderm lineages derived from El or Er (n=17/
17; Figs. 7A, B) or Ep (n=9/9; Figs. 7D, E) at the germband
elongation stage 10/11 results in a permanent loss of that tissue,
suggesting that at this stage, the other ectoderm cells are not able to
compensate. Typically these embryos are severely affected and die
during germband elongation. Occasionally, some embryos reach
stages 21–23 (120–144 hpf), but these embryos lack the segments
and appendages from the ablated region (Figs. 7C, F) compared to
the nonablated side or nonablated embryos (Fig. 7G). The severity ofge and (B, F) schematic of S10 embryo at time of ablation of mr or Mav lineage (green
bryos at S22. (C′, D′) Corresponding false color overlay with DAPI. (A–F) Ventral views.
age-ablated (G, H) and control (I, J) embryos at S26. Anterior is to the left. (G, I) Lateral
esoderm have just formed at S10. (C) Ablation of mr progeny at S10 results in the loss of
Ph-mef2 on the ablated side. (D) A nonablated embryo stained for Ph-mef2. (E, F) At S10,
cells. (G, H) Ablation of Mav at germband stages results in embryos lacking a midgut or
risks). Scale bars: 100 μm.
Fig. 7. Ablation of the ectoderm lineages at germband stage. Ventral views. (A, D) Fluorescent live images of S11 germband staged embryos at the time of ablation (green=FITC).
(B, E) Schematic of panels A and D, respectively. DAPI images of (C, F) S21 ablated and (G) nonablated embryos. (C) In an Er-germband ablated embryo there is a loss of anterior
right segments and limbs. The severity of loss varies between embryos based on the size of the ectodermal clone at time of ablation. In this case, this embryo has lost six anterior
segments on the right side (lost area represented by red outline). (F) Ep-germband ablated embryo. Ablation of the posterior ectoderm results in a complete loss of posterior
segments on both right and left sides (lost area represented by the red outline). (G) Control embryo. Scale bars: 100 μm.
264 A.L. Price et al. / Developmental Biology 341 (2010) 256–266the defects depends on the size of the clone at the time of ablation,
which varies greatly among embryos.
These results show that by the beginning of germband elongation,
compensation for the loss of ectoderm or mesoderm lineages no
longer occurs suggesting that, between the beginning of gastrulation
and the beginning of germband elongation in Parhyale, portions of the
germ layers have become committed.
Discussion
Mesoderm and ectoderm groups in Parhyale at the eight-cell stage
Due to its invariant cell lineage and ease to maintain and
manipulate in the laboratory, P. hawaiensis presents itself as an
attractive organism in which to explore the molecular mechanisms
behind early speciﬁcation of germ layers and axes. Here, our results
demonstrate that, although early lineages are restricted, the early
development of the Parhyale embryo is also highly regulative. We
show that ablation of a mesoderm or ectoderm generating
blastomere at the eight-cell stage or its progeny at gastrulation
can be compensated for by cells of other lineages in a stereotypical
pattern.
In Parhyale, regulation of ablated lineages does not occur by inter-
germ layer compensation, but rather is restricted to speciﬁc germ
layer groups established at the third division. Our labeling and
ablation experiments show intra-germ layer compensation, such that
mesodermal cells can only compensate for loss of other mesodermal
cells while ectodermal cells can only compensate for loss of other
ectodermal cells. This demonstrates that at the eight-cell stage in
Parhyale, at least two germ layer groups are established: the
mesoderm group (Mav, ml and mr or M) and the ectoderm group
(El, Er and Ep or E). Our results suggest that these groups are not
present until the eight-cell stage and, indeed, in cell separation studies
it has been reported that each blastomere isolated at the two-cell
stage will continue to divide asymmetrically and can develop at least
to gastrulation and form multiple cell layers in Parhyale (Extavour,
2005). Thus, it is not until the third cleavage that the germ layer
potential of blastomeres becomes set. Equivalence groups are groups
of cells that will eventually contribute to different derivatives, but at
an earlier point in development, all have the same developmental
potential. Only after subsequent inductive events do they reach their
ﬁnal state of differentiation (Kimble, 1981). It is possible that the germ
layer groups seen in Parhyale may constitute equivalence groups as
seen in C. elegans and ctenophores (Kimble, 1981; Henry and
Martindale, 2004). Further studies uncovering themolecular mechan-isms allowing for proper compensation among these different cell
lineages will shed more light on this distinction.
The observed intra-germ layer compensation of cells suggests that
the embryo possesses mechanisms to assess the status of germ layers
and can respond to replace missing tissue or cell types. As may be
expected, the regulative ability of both groups diminishes as
development proceeds. This decrease in regulative ability culminates
in the interval between gastrulation and germband elongation where
the embryo loses the ability to replace ablated cells. Clearly, much of
the commitment of cells to their ﬁnal fate has occurred by this time.
The ability of embryos to regulate until gastrulation suggests that
theremust be cell–cell communicationwithin theM and E groups that
can lead to changes in cell behavior. Also, the developmental lag in
compensating regions suggests that developmental patterning of
these regions is slowed, perhaps waiting for completion of a
developmental checkpoint. In compensated embryos, one can assume
that cell proliferation will need to be locally increased to replace
missing cells, however the selection of cells that are to proliferate may
be a critical step. The path along which the two germ layers normally
develop may provide insight into different mechanisms that could be
more important for compensation. For example, within themesoderm
group, the compensated cells are divided into two distinct cell fates:
the visceral mesoderm or the segmental mesoderm. The critical
“checkpoint” for mesoderm compensationmay be regulated primarily
by cell fate speciﬁc cues. On the other hand, the ectoderm behaves as
an epithelial sheet. Perhaps, the compensation of cells from an ablated
ectoderm blastomere is primarily driven by physical cues that drive
local proliferation to ﬁll in the gap left by the ablated lineage. It will be
of great interest to understand the molecular signals behind these
checkpoints and how they ﬁt into the germband elongation program
generally.
Presence and signiﬁcance of the boundary between the anterior and
posterior compartments of maxillary 1 in the ectoderm and
somatic mesoderm
The ectoderm of the Parhyale germband can be subdivided into
two main regions that have different properties: the nonordered cells
of the head anterior to and including the anterior compartment of the
ﬁrst maxillary segment (mx1) and the highly ordered cells posterior
to the anterior compartment of mx1 that are derived from rows of
cells called parasegment precursor cell rows (PSPR) which undergo
stereotypical divisions (Browne et al., 2005). These two distinct
regions can be observed starting very early in development, before
molecular markers of segmentation, such as Engrailed, are expressed
265A.L. Price et al. / Developmental Biology 341 (2010) 256–266(Browne et al., 2005). Indeed, lineage studies performed a the 16-cell
stage both here and in the amphipod O. cavimana, show that the
daughter cells of the macromeres El and Er will give rise to an anterior
and posterior region with the boundary of these clones dividing the
mx1 segment (i.e., a parasegment boundary), suggesting that this
boundary may be set up very early in development (Wolff and
Scholtz, 2002). Excitingly, our ablation experiments show that cells
compensating for the loss of either El or Er also do not appear to cross
this particular parasegmental boundary. While this result could be
explained by the rate of cell division and embryonic architecture
limiting the regions in which compensation may occur, the 16-cell
lineage studies and the striking difference between the two groups of
cells suggests that the regulative capacity of ectodermal blastomeres
at the 16-cell stage may not be equal (Browne et al., 2005; Wolff and
Scholtz, 2002). Either an inductive event or a differentially distributed
cytoplasmic determinant might deﬁne anteroposterior potential of
these blastomeres at this stage. Indeed, more evidence for these
possibilities is provided by ablation experiments at gastrulation stages
where the same parasegmental boundary of compensation from the
eight-cell stage is retained. However, future ablation experiments
coupled with a molecular characterization of compensation will
elucidate whether these boundaries are functional or coincident. It
will be of great interest to see what genes are expressed from the
eight-cell stage through the establishment of this boundary and if
their knockdown or overexpression cause changes in ectoderm
germband growth or identity.
Similar to the ectoderm, the somatic mesoderm can be sub-
divided into two main regions that have different properties:
nonordered cells anterior to mx2 that are not derived from
mesoteloblast divisions and the highly ordered cells posterior to
and including mx2 that are derived from the divisions of the
mesoteloblasts (Browne et al., 2005; Price and Patel, 2008).
Interestingly, the mesodermal cells derived from the mesoteloblasts
in mx2 are underneath the anterior compartment of mx2, which is in
the same parasegment as the posterior compartment of mx1 (i.e.:
the boundary between the two types of ectoderm and mesoderm is
the same for both tissues). It will be of great interest to see if the
same mechanism sets up this boundary in both the ectoderm and the
mesoderm.
Germ layer speciﬁcation by induction or localization of determinants
The establishment of these germ layer groups so early in
development, even before the establishment of multiple layers of
cells is striking and indicates that the earliest cleavages may be highly
polarized. It is unclear what mechanisms are involved in these
polarized cell divisions, for example, whether maternal determinants
are placed asymmetrically in the egg as in Drosophila (Anderson and
Nusslein-Volhard, 1984; St Johnston and Nusslein-Volhard, 1992) or
whether some impetus from the sperm entry point is responsible for
establishing this polarity as in nematodes and ascidians (Bates and
Jeffery, 1988; Goldstein and Hird, 1996; Jeffery, 1982).
There is evidence that supports a combination of mechanisms in
Parhyale. First, there are visible asymmetries at the one-cell stage
that are associated with later polarity. Polar bodies, which in other
organisms are formed just following activation of the egg by sperm,
are clearly associated with the initial cleavage plane and the
subsequent development of the ectodermal blastomeres or “animal”
hemisphere (Browne et al., 2005). Second, maternally loaded factors
may also be important in Parhyale. On the “vegetal” side of the one-
cell embryo, opposite to the polar bodies, is a small island of
cytoplasm that marks the pole where micromeres will develop.
Indeed, at the eight-cell stage, the cytoplasm of the g micromere
(which gives rise to germline) of Parhyale clearly looks different from
the other cells (Gerberding et al., 2002). Furthermore, blastomere
isolations showed that the localization of a germline marker isrestricted to the lineage leading to the g blastomere (Extavour, 2005).
It is therefore likely that early cell asymmetries and localizedmaternal
factors play a role in specifying the mesoderm and ectoderm lineages.
Our experiments in Parhyale show that, although the restrictions
of early cell lineages would suggest mosaicism, the intra-germ layer
compensation observed demonstrates that regulation also occurs.
This supports the view that during metazoan development a
combination of early determinants and induction are more commonly
used and that more often, sequential periods of cell autonomy
followed by cell–cell interactions in a spatial and temporal context are
important for speciﬁcation. In order to further our understanding of
the process of cell fate speciﬁcation and germ layer compensation in
Parhyale, the molecular events leading to the establishment of the
germ layer groups and the subsequent signaling events occurring
within germ layers need to be uncovered.
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